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Abstract 
All isomers of (quasi-)icosahedral, binary A12-xBx clusters were constructed based on 
a simple symmetry-base algorithm. This algorithm can also be applied to other 
starting geometries, but it is advantageous to restrict to high starting symmetries and 
high degeneracies of atom sites. Also, the (relative) degeneracies of the isomers are 
calculated. Chiral isomers are identified, showing that chirality in binary, (quasi-
)icosahedral clusters may play an important role in A8B4, A7B5, A6B6, A5B7, and 
A4B8. Chirality is of importance in nonlinear optics and asymmetric catalysis. The 
results provided may stimulate further research in these areas using binary metal 
clusters. 
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The geometrical isomers of (quasi)-icosahedral clusters A12-xBx were constructed 
using group theoretical arguments. The degeneracies and chirality of the isomers were 
analyzed, showing that chirality becomes important at doping with four or more 
foreign atoms. 
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Introduction 
Metal clusters Mm are widely studied in both physics and chemistry. This is due to 
their intriguing, size- and structure-dependent properties,[1–4] which give rise to 
interesting optical, magnetic and electronic effects. These are of interest in 
applications as contrast agents in imaging,[5–8] catalysis,[9,10] sensing,[7] but also in 
answering questions in metallurgy, e.g. how many atoms must be present to observe 
metallic behavior? The continuing interest in metallic clusters is also partly owed to 
their fascinating structures, which often are derived from regular polyhedra, such as 
icosahedra, dodecahedra, cuboctahedra, etc …. 
The properties of a metal cluster Mm can be drastically altered when substituting one 
or several of the atoms by a foreign metal.[11] This gives rise to clusters Mm-xM’x (for 
convenience, we will use A for M and B for M’ in the following). Continuous 
substitution, however, leads to a manifold of different isomers, which rapidly increase 
with the number of substitutions. For instance, the icosahedral A12 cluster has 12 
equivalent atoms, which are located at the vertex sites of the icosahedron. Thus, 
substitution with one foreign atom B leads to one isomer A11B1. The second 
substitution gives three isomers of A10B2. In the next generation, Au10B3, a manifold 
of isomers is to be expected. The identification of these is not straightforward, since 
different starting isomers may yield the same structure. It is intuitive to assume that 
the situation is even more complicated for higher generations of substitution. 
Dass and co-workers recently presented the x-ray crystal structure of Ag-doped 
Au25(SR)18 clusters (SR: thiolate).[12] The crystal structure determination yielded an 
average of 6.7 Ag atoms in all clusters, and the mass spectrometric analysis lead to a 
value of 6.2. From the mass spectra, it is obvious, that a mixture of clusters Au25-
xAgx(SR)18 was obtained, with x ranging from 4 to 8. The basics structural features of 
the parent Au25(SR)18 cluster[13] are maintained: The cluster is composed of an 
icosahedral Au13 core (with a central atom), and the core is protected by six SR-(Au-
SR)2 motifs. The Ag atoms are located on the surface of the icosahedral core. This is 
in agreement with prior simulations, which predict this occupational behavior for 
doping thiolate-protected Au clusters with Ag.[14,15] Thus, the problem of isomerism 
can be reduced to the surface atoms of the Au13-xAgx core. Note that this substitution 
on the surface of the cluster core is unique to silver, e.g. palladium doping leads to 
substitution of the central atom.[16] Copper seems to occupy binding sites in the 
protecting SR-(Au-SR)n motifs.[17] 
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Along with the determination of the crystal structure of Au25-xAgx(SR)18, a density-
functional theory (DFT) analysis of the Ag-doped clusters was provided.[12] Since 
the clusters co-crystallize in the same crystal, the data (and even less so mass 
spectrometry) do not provide information about the exact location of the Ag atoms 
and the distribution of the possible isomers for each substitution step. Instead, the 
crystal structure provides information about average Ag population of a specific site 
in the cluster. From this average population, a realistic and an artificial isomer of 
Au19Ag6(SR)18 (which shows high abundance in the mass spectrum) was analyzed by 
means of DFT. Calculated absorption spectra of the two structures highlight the 
importance of the position of the Ag atoms in the doped Au cluster. However, a full 
theoretical analysis of all possible isomers of Au19Ag6(SR)18 was not carried out. It 
should be mentioned that a vast number of isomers would have to be constructed and 
analyzed by DFT, which would lead to immense demand of computational resources. 
The occupation of surface sites in the Au13-xAgx centered, quasi-icosahedral cluster 
has also been observed in early crystallographic work by Teo et al. on silver-doped 
phosphine-protected Au clusters (‘clusters of clusters’). Bi- and triicosahedral clusters 
were analyzed crystallographically, and in all cases the central atom of the icosahedral 
building blocks was occupied by an Au atom.[18–20] A bi-icosahedral binary kernel 
has also been observed in the crystal structure of Au38-xAgx(SR)24.[21] 
The crystal structure of Au25-xAgx(SR)18 raises the question, how many geometric 
isomers are possible when the atoms of an icosahedral cluster A12 are subsequently 
substituted by foreign atoms B. To my knowledge, a thorough analysis of this 
problem has not been carried out to date. The position of foreign metals in clusters of 
high symmetry has implications on the point group symmetry of the obtained isomers. 
This is of particular importance in nonlinear optics, where second-order optical 
effects show a drastic dependence on the molecular symmetry.[22] 
Another prominent candidate for doping is the icosahedral Al13 cluster.[23] The 
cluster has characteristics of a ‘super-halogen’ and is easily reduced to the anionic 
species, which leads to 40-electron shell closing (1S2 1P6 1D10 2S2 1F14 2P6 in the 
superatomic picture). Doping of the cluster with foreign atoms has been discussed, 
but only cases of up to Al11M2 were considered.[24–27] The fact that the Al13 
superatom can be (isoelectronically) doped by foreign atoms, however, justifies the 
search for isomers of higher substitution. 
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A prominent related problem is that of the isomers of heterofullerenes. In these, 
carbon atoms in the Cn cage are substituted by foreign atoms, such as N, P, B, and 
(B,N).[28–32] Especially in the case of isoelectronically (B,N)-substituted fullerenes, 
a broad variety of possible isomers has to be considered. In a classic example, C60-
2x(BN)x (x = 1 - 7) was investigated by Pattanayak et al., making use of two-
dimensional representations of the fullerenes (Schlegel diagrams).[30] 
The aim of this article is to provide an overview of all possible isomers for foreign 
atom doped (quasi-)icosahedral clusters. We restrict ourselves to binary systems Am-
xBx. The strategy presented here is entirely based on symmetry arguments and does 
not provide information of the relative stability of the isomers. The algorithm is 
generic and can be applied to all types of clusters, although a high symmetry (Ih, Td, 
Oh, …) in the starting cluster is desirable. Johnson et al. have outlined the approach 
used here when considering potential isomers of Fe3(CO)12-x(PR3)x clusters (up to x = 
3).[33] In the Fe3(CO)12 cluster, a Fe3 triangle is protected by twelve carbonyl ligands 
which adopt an icosahedral coordination geometry. The first generations in binary 
A20-xBx of tetrahedral geometry are outlined as well. 
Method 
Quasi-icosahedral clusters A12-xBx are discussed for x = 0 - 6. For x > 6, the same 
isomers are obtained as for x < 6, except that all atoms A are replaced by B and all 
atoms B are replaced by A. The nomenclature is as follows: each substitution leads to 
a new ‘generation’ G(x), e.g. A12 is G(0), A11B1 is G(1), A10B2 is G(2), etc …. Within 
each generation, the isomers are labeled as Ia, Ib, etc …. For instance, the three 
isomers of G(2) are G(2)-Ia, G(2)-Ib, and G(2)-Ic (in analogy to carboranes these could 
also be labeled as ortho-, meta- and para-Au10B2,[34] yet, this nomenclature fails for 
x > 2). For each isomer, the molecular point group is determined. We start from an 
ideal icosahedron A12 with the point group Ih. Upon substitution, only the atom labels 
are changed (A is replaced by B), and all bond lengths and angles are kept constant. 
This constraint is for convenience, however, it should be pointed out that relaxation of 
the structures (e.g. by DFT) may lead to deviations from this idealized quasi-
icosahedral geometry.[24] 
After determination of the point group for each isomer, the remaining 12-x atoms A in 
the cluster A12-xBx are grouped according to their symmetry equivalency. Optical 
isomers are treated as identical. The optical isomers will be identified individually at a 
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later stage to provide an overview of potential sources of chirality in binary, quasi-
icosahedral Au12-xBx clusters. 
The degeneracy g of the isomers was determined as well (see below). The degeneracy 
and symmetry equivalencies are appended to the point group symbol, e.g. G(2)-Ia-
C2v(60/3*2, 1*4) means: Isomer Ia of generation G(2) has the molecular point group 
C2v, is 60-fold degenerate and the remaining ten atoms of A split into four sets (three 
times two equivalent atoms and one set of four equivalent atoms). This corresponds to 
either ortho- or meta-Au10B2. This example is discussed in detail below. 
The degeneracy of each isomer is determined as follows: The parent icosahedral 
cluster A12 has a degeneracy of 1 (only one isomer). In G(1), only one isomer is found 
as well, but since each of the twelve atoms in A12 can be substituted, its degeneracy is 
12, and the full descriptor is G(1)-C5v(12/2*5, 1*1). In G(2), three distinct isomers are 
obtained, since three groups of equivalent atoms can be substituted. The degeneracy 
of the isomers in G(2) is determined by which atom group in G(1) is substituted. In two 
of the cases, the atom groups consist of five atoms, and in the third case, only one 
atom can be substituted. The degeneracy of the isomers is therefore the degeneracy of 
the parent isomer multiplied by the number of equivalent atoms of which one is 
substituted. Hence, the isomers G(2)-Ia and G(2)-Ib have degeneracies of 60 (=12 * 5), 
and G(2)-Ic is 12-fold degenerated (12 * 1). In general, the degeneracy of a new 
isomer is the degeneracy of the parent isomer multiplied by how many atoms are 
available for symmetry equivalent substitution. Note that the sum of the degeneracies 
of all isomers in each generation G(x) is: 𝑔 𝐺(!) = 𝑔 𝐺(!!!) ∗ 12− 𝑥 − 1  
where g(G(x)), g(G(x-1)): total degeneracies of generations G(x) and G(x-1). The total 
degeneracies for each generation are listed in Table 1 for reference. They serve as test 
for the correct construction of isomers. 
 
Table 1. Expected total degeneracies of each generation G(x) in (quasi-)icosahedral 
A12-xBx. 
Cluster G(x) G(G(x)) 
A12 0 1 
A11B1 1 12 
A10B2 2 132 
A9B3 3 1320 
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A8B4 4 11880 
A7B5 5 95040 
A6B6 6 665280 
 
We also introduce ‘preliminary’ denominators I1, I2, I3, etc … for the obtained 
isomers of each generation G(x). These preliminary isomers are generated from the 
individual isomers of G(x-1). For instance, G(2)-Ia, G(2)-Ib, and G(2)-Ic lead to four, four 
and one new isomer in G(3), respectively. These nine isomers can be combined, since 
three of the isomers generated from G(2)-Ib are identical to those generated from G(2)-
Ia (hence, G(2)-Ib only leads to one new isomer). In addition, the isomer generated 
from G(2)-Ic is identical to an isomer from G(2)-Ia. In total, G(2) leads to five new 
isomers in G(3). When combining two identical isomers in the same generation 
(obtained from different isomers in the previous generation), their degeneracies add 
up. This strategy will become clear when examining each individual case (vide infra). 
The degeneracy of an isomer indicates how many individual ways can be used to 
generate a distinct isomer. The relative degeneracies of the isomers within one 
generation are calculated as well. This is important when calculating a property (e.g. 
the absorption spectrum) of each isomer and subsequent linear combination of these 
to predict the average absorption spectrum of one generation. For this, the population 
of each isomer has to be known, which can be achieved via a Boltzmann distribution. 
The factors that determine the population of each isomer are the relative energies of 
the isomers, and their degeneracies (and the temperature). 
Results and Discussion 
We begin the discussion with testing the algorithm for the (quasi-)octahedral A6-xBx 
system. This is a well-known case in transition metal chemistry where thousands of 
examples of octahedral coordination spheres (complexes of the form ML6-xL’x) 
exist.[35] The isomers obtained from substituting the ligands in an octahedral 
coordination sphere (or atoms in an octahedral cluster) are limited and they are 
obtained straightforwardly. However, this is worked out in detail at this point to 
demonstrate the algorithm used. 
We begin with octahedral A6 (Figure 1). The point group is Oh and all atoms are 
equivalent (G(0)-Ia-Oh(1/1*6). The substitution product is A5B1, the point group is C4v 
and the remaining five atoms split into a set of four equivalent atoms and one 
remaining atom. The degeneracy is six, since replacement of any atom in G(0)-Ia leads 
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to the same isomer. Thus, the full descriptor is G(1)-Ia-C4v(6/1*4, 1*1). Since the 
remaining five atoms split into two sets, two isomers must be possible in G(2). These 
are G(2)-Ia-D4h(6/1*4) (as in trans-ML4L’2) and G(2)-Ib-D2v(24/2*2) (cis-ML4L’2). 
From G(2)-Ib, one isomer can be obtained (with C2v point group); two isomers can be 
constructed (with C2v and C3v symmetry). Inspection of the C2v isomers shows that 
these are identical, hence, only two distinct isomers are obtained in G(3) (mer- and fac-
ML3L’3). The isomers obtained by subsequent substitution of atoms in octahedral A6 
up to the third generation are shown in Figure 1. The characteristics of the isomers are 
shown in Table 2. In G(4), the same isomers as for G(2) are obtained, except that the 
atom types are reversed (A becomes B and B becomes A). This simple example 
demonstrates the algorithm employed here and the notations used in the following. 
 
Table 2. Isomers and their characteristics for (quasi-)octahedral A6-xBx (x = 0, 1, 2, 3) 
clusters. 
Cluster G(x) Number of Isomers Point group Rel. Degeneracy Full Descriptor 
A6 G(0) 1 Oh 1 Oh(1/1*6) 
A5B1 G(1) 1 C4v 1 C4v(6/1*4,1*1) 
A4B2 G(2) 2 
D4h 1 D4h(6/1*4) 
C2v 4 C2v(24/2*2) 
A3B3 G(3) 2 
C2v 3 C2v(72/1*2, 1*1) 
C3v 2 C3v(48/1*3) 
 
 
	   8 
Figure 1. Isomers and geometric characteristics of (quasi-)octahedral A6-xBx clusters 
for x = 0, 1, 2, and 3. The relationships between the isomers in G(x) and G(x-1) are 
indicated by arrows. 
  
We now turn our focus to the isomers of the (quasi-)icosahedral A12-xBx family. The 
construction of isomers of G(0), G(1), and G(2) is straightforward (Table 3, Figure 2). 
The ideal icosahedron A12 has twelve equivalent sites with can be substituted to 
generate G(1). The single isomer in G(1) has three groups of atoms, consisting of five, 
five, and one, respectively. This leads to three isomers in G(2) with a degeneracy of 
60:60:12 (relative degeneracy 5:5:1). Note that the point group for G(2)-Ia and G(2)-Ib 
is identical, yet, the cluster structures are not. 
 
 
Table 3. Isomers of G(0) (A12), G(1) (A11B1) and G(2) (A10B2), their point groups and 
degeneracies. 
Cluster G(x) Number of Isomers Point group Rel. Degeneracy Full Descriptor 
A12 G(0) 1 Ih 1 Ih(1/1*12) 
A11B1 G(1) 1 C5v 1 C5v(12/2*5,1) 
A10B2 G(2) 3 
C2v 5 C2v(60/1*4, 3*2) 
C2v 5 C2v(60/1*4, 3*2) 
D5d 1 D5d(12/1*10) 
 
 
Figure 2. Left: Isomers in generations G(0), G(1), and G(2). Yellow, A; light blue, B. 
Right: Symmetry equivalencies in the individual isomers of G(1) and G(2). The 
equivalent atoms are highlighted in the same color. The single isomer of G(1) is shown 
at the top, and the three groups of symmetry equivalent atoms are highlighted in red, 
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dark blue, and green, respectively. The arrows point to the G(2)-Isomers generated 
from substitution of one of these atoms in the respective group, as highlighted by the 
color of the arrows. The three isomers of G(2) are also colored according to the 
symmetry equivalency of the remaining ten atoms of A (red, dark blue, green, 
orange). Note that the isomers were rotated to enhance visibility. 
 
From G(2), nine isomers can be constructed (which are in part equivalent, vide infra). 
From G(2)-Ia, four isomers are formed (Table 4); G(3)-I1, G(3)-I2, G(3)-I3, G(3)-I4, and 
G(3)-I5. These have degeneracies of 2*60, 2*60, 2*60, 2*60, and 4*60, respectively. 
From G(2)-Ib, another four isomers are formed (G(3)-I5 to G(3)-I8, with the same 
degeneracies as I1 – I4). From G(2)-Ic, only one isomer, G(3)-I9 (with degeneracy 120) 
is obtained. Careful inspection of these isomers shows that some are identical: G(3)-
I(5) = G(3)-I4, G(3)-I6 = G(3)-I3, G(3)-I8 = G(3)-I2, and G(3)-I9 = G(3)-I3. Hence, only 
five distinguishable isomers are identified in G(3) (Figure 3, Table 5). 
 
Table 4. Isomers generated in G(3). 
Isomer Parent Isomer Identical to Degeneracy Point Group 
G(3)-I1 G(2)-Ia - 120 C3v 
G(3)-I2 G(2)-Ia - 120 Cs 
G(3)-I3 G(2)-Ia - 120 Cs 
G(3)-I4 G(2)-Ia - 240 Cs 
G(3)-I5 G(2)-Ib G(3)-I4 120 Cs 
G(3)-I6 G(2)-Ib G(3)-I3 120 Cs 
G(3)-I7 G(2)-Ib - 120 C3v 
G(3)-I8 G(2)-Ib G(3)-I2 240 Cs 
G(3)-I9 G(2)-Ic G(3)-I3 120 Cs  
 
Table 5. Combined isomers in G(3) (A9B3), with degeneracies and full descriptor. 
Isomer Combined Isomers Parent Isomer(s) Rel. Degeneracy Point group 
G(3)-Ia G(3)-I1 G(2)-Ia 1 C3v(120/3*3) 
G(3)-Ib G(3)-I2, G(3)-I8 G(2)-Ia, G(2)-Ib 3 Cs(360/3*2, 3*1) 
G(3)-Ic G(3)-I3, G(3)-I6, G(3)-I9 G(2)-Ia, G(2)-Ib, G(2)-Ic 3 Cs(360/4*2, 1*1) 
G(3)-Id G(3)-I4, G(3)-I5 G(2)-Ia, G(2)-Ib 3 Cs(360/3*2, 3*1) 
G(3)-Ie G(3)-I7 G(2)-Ib 1 C3v(120/3*3) 
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Figure 3. The five combined isomers in G(3) as obtained from the three isomers in 
G(2). The symmetry equivalencies in the G(3) isomers are not shown. 
 
The construction of the isomers in the first three generations is fairly easy to follow, 
since only nine individual isomers can be constructed (in G(3)) and have to be 
compared for equivalency (leading to five distinguished isomers). For G(4), however, 
this becomes much more complex. G(3)-Ia and G(3)-Ie have each three groups of 
equivalent atoms, G(3)-Ib and G(3)-Id have each six groups of equivalent atoms, and 
G(3)-Ic has five groups of equivalent atoms. This leads to a total of 23 potential new 
isomers in G(4), which have to be compared for equivalency. These isomers are 
generated in the same way as the ones in G(3) from the ones in G(2). The process is not 
described in detail. After combination of equivalent isomers, ten possible isomers are 
found in G(4) (Figure 4, Table 6). For the first time, chiral isomers are found (two 
different chiral isomers are identified). Enantiomers are considered as identical. Five 
isomers have the point group Cs, two isomers are C2v, another two are C2 and the 
remaining isomer is D2h. 
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Table 6. Isomers of G(4) (A8B4) with degeneracies. 
Isomer Parent Isomer(s) Degeneracy Point group 
G(4)-Ia G(3)-Ia, G(3)-Id 2 C2v(720/1*4, 2*2) 
G(4)-Ib G(3)-Ia, G(3)-Ib, G(3)-Id 4 Cs(1440/3*2, 2*1) 
G(4)-Ic G(3)-Ia, G(3)-Ib, G(3)-Ic 4 Cs(1440/3*2, 2*1) 
G(4)-Id G(3)-Ib, G(3)-Ie 2 C2v(720/1*4, 2*2) 
G(4)-Ie G(3)-Ib, G(3)-Id 4 Cs(1440/2*2, 4*1) 
G(4)-If G(3)-Ib, G(3)-Ic 4 C2(1440/4*2) 
G(4)-Ig G(3)-Ib, G(3)-Id, G(3)-Ie 4 Cs(1440/3*2, 2*1) 
G(4)-Ih G(3)-Ic 1 D2h(360/2*4) 
G(4)-Ii G(3)-Ic, G(3)-Id, G(3)-Ie 4 Cs(1440/3*2, 2*1) 
G(4)-Ij G(3)-Ic, G(3)-Id 4 C2(1440/4*2) 
 
 
Figure 4. The ten isomers in G(4), grouped according to their symmetries. For details, 
see Table 6 and the text. 
 
Analysis of the atom equivalency of the isomers in G(4) leads to a maximum of 42 
isomers in G(5). It is expected that again a number of these isomers will be equivalent 
and that the number of actual isomers is lower. Indeed, the 42 possible isomers 
combine to twelve distinct isomers (Figure 5, Table 7). Two isomers are chiral with 
point group C1, one isomer has the point group C5v, and the remaining nine isomers 
are of Cs symmetry. 
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Table 7. Isomers of G(5) (A7B5) with degeneracies. 
Isomer Parent Isomer(s) Rel. Degeneracy Point group 
G(5)-Ia G(4)-Ia, G(4)-Ib, G(4)-Ie 5 Cs(7200/2*2, 3*1) 
G(5)-Ib G(4)-Ia, G(4)-Ib, G(4)-Ic, G(4)-Ij 5 Cs(7200/3*2, 1*1) 
G(5)-Ic G(4)-Ia, G(4)-Ic, G(4)-Ig, G(4)-Ii 5 Cs(7200/3*2, 1*1) 
G(5)-Id G(4)-Ib, G(4)-Ic, G(4)-Id, G(4)-Ii 5 Cs(7200/3*2, 1*1) 
G(5)-Ie G(4)-Ib, G(4)-Ic, G(4)-Ie, G(4)-If, G(4)-Ij 10 C1(14400/7*1) 
G(5)-If G(4)-Ib, G(4)-Ie, G(4)-Ig 5 Cs(7200/2*2, 3*1) 
G(5)-Ig G(4)-Ic, G(4)-If, G(4)-Ih 5 Cs(7200/2*2, 3*1) 
G(5)-Ih G(4)-Id, G(4)-Ie, G(4)-Ig 5 Cs(7200/2*2, 3*1) 
G(5)-Ii G(4)-Id, G(4)-If, G(4)-Ig, G(4)-Ii 5 Cs(7200/3*2, 1*1) 
G(5)-Ij G(4)-Ie 1 C5v(1440/1*5, 2*1) 
G(5)-Ik G(4)-Ie, G(4)-If, G(4)-Ig, G(4)-Ii, G(4)-Ij 10 C1(14400/7*1) 
G(5)-Il G(4)-Ih, G(4)-Ii, G(4)-Ij 5 Cs(7200/2*2, 3*1) 
 
 
Figure 5. Isomers in G(5) grouped according to their point groups. For details, see 
Table 7 and the text. 
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For G(6), up to 58 isomers can be constructed, of which some will be equivalent. After 
combination, 18 distinct isomers are identified (Figure 6, Table 8). Of these, six have 
chiral point groups (four times C1 and two times C2). Higher symmetries are found in 
D3d (two times), C2v (four times), C3v (two times) and C5v (two times), and Cs (two 
times). It is obvious that the isomers obtained in G(6) already contain the 
complementary ones. This is most evident for the D3d structures, which can be 
thought of as A6 (B6) rings in a chair conformation (analogous to cyclohexane) which 
is capped by two B3 (A3) rings above and below the planes. These are isomers G(6)-In 
and G(6)-Ir, respectively. In some cases, the complementary isomer is identical to the 
original one (e.g. in the C5v cases). 
 
Table 8. Isomers of G(6) (A6B6) with degeneracies. 
Isomer Parent Isomer(s) Rel. Degeneracy Point group 
G(6)-Ia G(5)-Ia, G(5)-Ij 6 C5v(8640/1*5, 1*1) 
G(6)-Ib G(5)-Ia, G(5)-If 10 C3v(14400/2*3) 
G(6)-Ic G(5)-Ia, G(5)-Ic, G(5)-Id, G(5)-Ih 30 Cs(43200/2*2, 2*1) 
G(6)-Id G(5)-Ia, G(5)-Ib, G(5)-Ie 30 C2(43200/3*2) 
G(6)-Ie G(5)-Ia, G(5)-Ib, G(5)-Ic, G(5)-Ie, G(5)-If, G(5)-Ik 60 C1(86400/6*1) 
G(6)-If G(5)-Ib, G(5)-Id, G(5)-Il 15 C2v(21600/1*4, 1*2) 
G(6)-Ig G(5)-Ib, G(5)-Ic, G(5)-Ie, G(5)-Ig, G(5)-Ik, G(5)-Il 60 C1(86400/6*1) 
G(6)-Ih G(5)-Ic, G(5)-Ig, G(5)-Ie 15 C2v(21600/1*4, 1*2) 
G(6)-Ii G(5)-Id, G(5)-Ie, G(5)-Ig, G(5)-Ii, G(5)-Ik, G(5)-Il 60 C1(86400/6*1) 
G(6)-Ij G(5)-Id, G(5)-Ie, G(5)-If, G(5)-Ih, G(5)-Ii, G(5)-Ik 60 C1(86400/6*1) 
G(6)-Ik G(5)-Ie, G(5)-If, G(5)-Ij, G(5)-Ik 30 Cs(43200/2*2, 2*1) 
G(6)-Il G(5)-Ie, G(5)-Ig 15 C2v(21600/3*2) 
G(6)-Im G(5)-If, G(5)-Ih 10 C3v(14400/2*3) 
G(6)-In G(5)-Ig 5 D3d(7200/1*6) 
G(6)-Io G(5)-Ih, G(5)-Ij 6 C5v(8640/1*5, 1*1) 
G(6)-Ip G(5)-Ih, G(5)-Ii, G(5)-Ik 30 C2(43200/3*2) 
G(6)-Iq G(5)-Ik, G(5)-Il 15 C2v(21600/3*2) 
G(6)-Ir G(5)-Il 5 D3d(7200/1*6) 
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Figure 6. Isomers of G(6) grouped according to their point group symmetries (the 
chiral isomers are shown in the bottom row). 
 
All isomers derived from A12 have point groups that are sub-groups of Ih. This 
indicates that with each substitution, the symmetry of the parent isomer is lowered. 
This, however, is not the case. In fact, a low symmetry isomer may lead to one of high 
symmetry when substituting appropriately. For instance, G(6)-Ih (C2v) is a derivative 
of G(5)-Ie (C1). Therefore, one must consider that these relationships apply in both 
directions: A high symmetry isomer may be obtained from a low symmetry isomer, 
and a low symmetry isomer may be obtained from a high symmetry isomer. Also, 
inspection of the point groups and their relation to their parent isomers or their 
offsprings reveals that there is not always a direct relation between their point groups. 
For instance, G(2)-Ia (C2v) leads to G(3)-Ia with C3v symmetry. The C3v point group is 
not a subgroup of the C2v point group (or vice versa). One has to consider that in this 
case the principal axes of the point groups are not the same. While in the C2v case, the 
principal axis falls into the center of the B-B bond, a B-B-B triangle is formed in the 
C3v case. The principal axis is then moved into the center of this triangular face. If the 
original C2 axis were used for reference, C1 symmetry would be obtained (and C1 is a 
subgroup of C2v). 
Chirality is an important property in chemistry. This spans over applications of chiral 
clusters in asymmetric catalysis or their use in nonlinear optics, especially second-
order processes which are dominated by the molecular symmetry. Second-order 
scattering requires the absence of centrosymmetry, and chirality effectively ensures 
	   15 
this absence. Beginning with A8B4, chiral geometries are obtained. This is intuitively 
clear, since four points in three dimensions can be arranged in helical fashion, 
whereas three points always form a plane. In A7B5 and A6B6, chirality is much more 
likely to be found than in the other structures. Comparison of the degeneracies shows 
that in G(4) the relative weight of chiral point groups to achiral one is 8:25 (0.32), in 
G(5) this increases to 20:46 (ca. 0.435) and in G(6), a chiral:achiral ratio of 300:162 
(1.85). Since A5B7 and A4B8 are equivalent to A7B5 and A8B4, the center of the 
distribution (ranging from A12B0 to A0B12) marks the range in which chirality may be 
present. It should be noted that this fact does not necessarily reflect a realistic 
situation, since the relative energies of the isomers have to be taken into account. 
It is particularly difficult to identify and compare the isomers of C1 symmetries. In the 
G(6) isomers, four of these are found, and there a simple way to compare the isomers. 
In each of the structures, at least four of the B-atoms (or the A-atoms) form a chain 
and can be represented to lie in one plane of the icosahedron (by appropriate rotation). 
From this B4-chain, the remaining two atoms are placed in the upper plane. The 
positions of the remaining two B-atoms define the isomer, and the pattern has to be 
different for each isomer (Figure 7). 
 
 
Figure 7. Chirality highlighted in the C1 isomers of G(6). At the bottom, the 
connectivity of the B-atoms in each C1 isomer and their respective enantiomer is 
shown, separated by the red line. 
 
The algorithm used here to generate the isomers of the (quasi-)icosahedral A12-xBx 
clusters can in principle be applied to all kinds of clusters. A high starting geometry 
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and atom equivalency is desirable, however. This immediately becomes obvious 
when inspecting the tetrahedral Au20 cluster, which shall be outlined here.[36] The 
monometallic cluster has the point group Td, but not all the atoms are symmetry 
equivalent. They split in three sets consisting of four, twelve and four atoms (which 
are the vertices, the atoms on the edges and the atoms on the faces of the tetrahedron). 
Thus, there are already three isomers in G(1), of C3v, Cs and C3v geometry, respectively 
(Figure 8). In the Cs isomer, no less than twelve distinct symmetry environments for 
the remaining atoms of A are identified. This may highlight the high number of 
potential isomers that may arise in the construction of binary clusters if the starting 
geometry already bears different symmetry environments. 
 
 
Figure 8. G(0) and G(1) of the (quasi-)tetrahedral A20-xBx clusters. Due to the non-
degeneracy of the atoms in A20, already three isomers are possible in G(1). At the top 
right, the atoms of A20 are colored according to their symmetry equivalency; the color 
of the arrows indicates the isomer formed by substitution of these. 
 
Conclusion and Outlook 
All possible isomers of (quasi-)icosahedral A12-xBx (x = 0 – 6) were constructed using 
a symmetry-based algorithm, and their (relative) degeneracies are provided for 
reference. The number of possible isomers rises with each generation. Chirality is 
observed in A8B4, A7B5, and A6B6 (and A5B7, A4B8), which may be of relevance in 
designing materials for second-order nonlinear optical processes or asymmetric 
catalysts. The presented isomers are intended to provide a reference guide and 
stimulate research on binary metal clusters with higher substitution. 
Overall, the algorithm serves as a general guideline for the construction of isomers in 
binary atomic or metal clusters, as well as for substituted ligand spheres in 
coordination compounds. While this is trivial for square-planar (ML4), tetrahedral 
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(ML4) or octahedral (ML6) geometries, the problem becomes much more complicated 
in clusters which contain larger numbers of atoms to start from. This was 
demonstrated for the icosahedral system. In the tetrahedral A20 cluster, already the 
first generation A19B1 has three distinct isomers, which leads to a high number of 
isomers in the second generation, A18B2. 
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